The tail bud comprises the caudal extremity of the vertebrate embryo, containing a pool of pluripotent mesenchymal stem cells that gives rise to almost all the tissues of the sacro-caudal region. Treatment of pregnant mice with 100 mg/kg all-trans retinoic acid at 9.5 days post coitum induces severe truncation of the body axis, providing a model system for studying the mechanisms underlying development of caudal agenesis. In the present study, we ®nd that retinoic acid treatment causes extensive apoptosis of tail bud cells 24 h after treatment. Once the apoptotic cells have been removed, the remaining mesenchymal cells differentiate into an extensive network of ectopic tubules, radially arranged around the notochord. These tubules express Pax-3 and Pax-6 in a regionally-restricted pattern that closely resembles expression in the de®nitive neural tube. Neuro®lament-positive neurons subsequently grow out from the ectopic tubules. Thus, the tail bud cells remaining after retinoic acid-induced apoptosis appear to adopt a neural fate. Wnt-3a, a gene that has been shown to be essential for tail bud formation, is speci®cally down-regulated in the tail bud of retinoic acid-treated embryos, as early as 2 h after retinoic acid treatment and Wnt-3a transcripts become undetectable by 10 h. In contrast, Wnt-5a and RAR-g are still detectable in the tail bud at that time. Extensive cell death also occurs in the tail bud of embryos homozygous for the vestigial tail mutation, in which there is a marked reduction in Wnt-3a expression. These embryos go on to develop multiple neural tubes in their truncated caudal region. These results suggest that retinoic acid induces downregulation of Wnt-3a which may play an important role in the pathogenesis of axial truncation, involving induction of widespread apoptosis, followed by an alteration of tail bud cell fate to form multiple ectopic neural tubes. q
Introduction
The tail bud comprises the extreme caudal end of the vertebrate embryo. It consists of a pool of pluripotent mesenchymal stem cells that gives rise to almost all the tissues of the sacro-caudal body region, including neural tube, notochord, paraxial mesoderm and gut endoderm in the mouse embryo. Tail bud stem cells are considered to represent the remnant of the node and primitive streak, following the termination of gastrulation (Tam and Tan, 1992) .
The genetic control of tail bud development is not completely understood. Wnt-3a has been implicated by the ®nding that it is expressed in the developing primitive streak and tail bud, and that a null mutation of Wnt-3a leads to truncation of the body axis (Takada et al., 1994) . The mouse mutant vestigial tail (vt) is a hypomorphic allele of Wnt-3a (Greco et al., 1996) , causing severe down-regulation of Wnt3a expression speci®cally in the tail bud of homozygotes which exhibit caudal agenesis. Other than vestigial tail, caudal agenesis is found in several mutants such as curtailed (Park et al., 1989) and T/btm (Fujimoto et al., 1994) . Besides having an affected vertebral column, these mutants exhibit another similarity, which is the presence of ectopic neural tube-like structures, showing that development of caudal agenesis and excessive neural tissue may be causally related to one another.
An opportunity to further analyze the mechanisms that control tail bud development arises from previous reports that administration of excess all-trans retinoic acid (RA) to tail bud stage embryos could induce truncation of the body axis, i.e. caudal agenesis (Grif®th and Wiley, 1990; Kessel, 1992) . Moreover, ectopic neural tube-like structures were commonly found at the caudal end (Tibbles and Wiley, 1988) . The pathogenetic mechanism underlying RAinduced caudal agenesis is uncertain. A role for RA-induced vascular lesions and haematomas has been suggested in the hamster (Wiley, 1983) , mouse (Tibbles and Wiley, 1988) and chick (Jelinek and Kistler, 1981) . However, isolation of RA-treated chick tail buds before the appearance of blood vessels does not prevent the changes in the tail bud, suggesting that the effect of RA on tail bud tissues is direct and not mediated through the disrupting effects of vascular lesions (Grif®th and Wiley, 1989) . RA can also alter the`Hox code', causing anterior homeotic transformations of vertebrae (Kessel and Gruss, 1991) and it is possible that truncation of the body axis represents an extreme form of anterior transformation (Kessel, 1992) . However, although homeotic transformations occur in a number of Hox knockout mice, in no case do they exhibit caudal agenesis. A further idea is that RA can affect tail bud development by altering the expression of extracellular matrix molecules (Grif®th and Wiley, 1990) .
The purpose of the present study is to investigate in detail the cellular and molecular mechanisms underlying RAinduced caudal agenesis in the mouse embryo. We ®nd that within a few h of RA treatment, Wnt-3a is speci®cally down-regulated in the tail bud while its expression in the neural tube remains unaffected. The tail bud then abruptly undergoes massive apoptosis and terminates its growth. Once the apoptotic bodies have been removed, the remaining mesenchymal tail bud cells form ectopic neural tubes with spatially-restricted expression of neural-speci®c molecular markers and neuronal differentiation. We also ®nd extensive cell death and ectopic neural tubes in the caudal region of vestigial tail homozygous mutant embryos. These results suggest a causal relationship between down-regulation of Wnt-3a, apoptosis, caudal agenesis and formation of ectopic neural tubes.
Results

Stage-speci®city of the response to RA
RA, at a dose of 100 mg/kg, was administered to pregnant females between 9.5 and 10.5 dpc and fetuses were examined one day before birth. RA treatment at 10.5 dpc resulted in fetuses with no morphological (Fig. 1A) or skeletal ( Fig.  1F ) differences from controls (data not shown). In contrast, embryos treated at earlier time points exhibited varying degrees of truncation of the caudal region ( Fig. 1B±E and G±J). There was a striking correlation between the stage of RA administration and the extent to which the caudal region was truncated, so that the earlier the stage of injection, the shorter the tail, i.e. the body axis was truncated at a more rostral level (Fig. 1B±E ). Skeletal preparations (Fig. 1G±J) demonstrated a reduction in the number of vertebrae in the caudal region that correlated with the decrease in the length of the tail.
Apoptotic cell death in the tail bud of RA-treated embryos
The morphological and cellular changes that occur in the tail bud prior to termination of axial elongation were studied in embryos 24 h after RA treatment at 9.5 dpc. The region caudal to the hindlimb buds was very much reduced in length in RA-treated embryos (Fig. 2B ) compared with controls ( Fig. 2A) , whereas other parts of the body appeared morphologically normal. Moreover, a dense mass was visible at the caudal extremity of the RA-treated embryos which proved, on histological examination, to contain many pyknotic nuclei (data not shown). To determine whether tail bud cells were dying through the process of apoptosis, DNA was extracted from the tail bud tissue at 6 hourly intervals up to 48 h after RA adminstration at 9.5 dpc, labeled with radio-nucleotides, and then separated by gel electrophoresis followed by autoradiographic detection (Fig. 3 ). This method of labeling DNA (Tilly and Hsueh, 1993 ) is at least 100-fold more sensitive than using ethidium bromide and allows detection of minute amounts of nucleosome-sized DNA fragments which are the products of apoptotic cleavage. A characteristic, although weak, DNA laddering pattern, corresponding to multimers of nucleosome-sized fragments, was ®rst detectable 12 h after RA treatment. At 18 h, the intensity of DNA fragmentation had increased and at 24 h, a strong laddering pattern was observed (Fig. 3) , indicating the presence of extensive apoptotic cell death in the tail bud at this stage, in agreement with the histological observations. Only 6 h after this time of massive cell death, at 30 h after RA administration, the intensity of DNA laddering had decreased to a low level and, by 42 h, apoptotic fragments could no longer be detected. Control tail buds harvested 24 h after oil injection revealed no apoptotic DNA fragmentation (Fig. 3) , showing that apoptosis is not a common feature of tail bud development at this stage. These ®ndings indicate that apoptosis is induced by RA speci®cally in the developing tail bud, with a peak incidence of cell death at 24 h after treatment. Apoptotic bodies appear to be rapidly removed from the tail bud after this time.
In situ detection of apoptotic cells in RA-treated tail buds
To determine the spatial distribution of the apoptotic cells, transverse sections of the caudal region of embryos harvested 24 h after RA administration at 9.5 dpc were stained by the TUNEL method. Many positively stained cells were observed in the tail buds of RA-treated embryos (Fig. 4A ) whereas control embryos were essentially negative for apoptotic bodies (Fig. 4B) . The distribution of apoptotic cells in RA-treated embryos showed variations at different axial levels. At the caudal extremity, apoptotic cells were scattered throughout the undifferentiated tail bud mesenchyme (Fig. 4A ) whereas, at more rostral levels, apoptosis was restricted to lateral and ventral regions, with very few apoptotic bodies in the mid-dorsal region (Fig.  4C) . The widespread presence of pyknotic cells in lateral and ventral tail bud regions was con®rmed by staining sections from this axial level with haematoxylin and eosin (Fig. 4D) . In contrast, dorsal midline cells appeared healthy and were seen to be undergoing early secondary neurulation: the tail bud cells had aggregated to form a primitive neuroepithelium with distinct apicobasal cellular polarity and mitotic ®gures located at the luminal surface (Fig. 4D) .
Development of the caudal region following induction of cell death by RA
Although dead cells were rapidly cleared after the burst of RA-induced cell death at 24 h, the tail bud failed to continue its growth, leading to truncation of the body axis. Subsequent development of the caudal region was studied by histological examination of embryos harvested at daily intervals following RA treatment at 9.5 dpc. Ectopic tubular structures, located ventral to the developing spinal cord, could ®rst be identi®ed at 11.5 dpc (data not shown). At 12.5 dpc, multiple tubular structures of various sizes became prominent, ®lling the central region of the caudal extremity (Fig. 5A,B) . These tubular structures comprised one or two cell layers, with nuclei located basally and mitotic ®gures at the apical surface facing the lumen (Fig. 5C ), closely resembling the neuroepithelium of the secondary neural tube (Fig.  4D) . The notochord was ectopically displaced and totally surrounded by tubular structures (Fig. 5B) . By 13.5 dpc, the tubules had developed a multi-layered structure, with groups of cells at peripheral locations that histologically resembled neuroblasts (Fig. 5D,E) . Thus, the histological development of these tubular structures paralleled the developing spinal cord and, indeed, by 15.5 dpc they had merged together with the de®nitive spinal cord (Fig. 5F,G) . At 16.5 dpc, while the caudal region of control fetuses contained a spinal cord surrounded by regularly arranged vertebral and Fig. 2 . Truncation of the tail bud region in embryos 24 h after RA treatment at 9.5 dpc. The RA-treated embryo (B) is similar morphologically to the control embryo (A) except that the caudal portion of the body, posterior to the hindlimbs, is much shortened and a dense mass of cells (arrow) is clearly visible at the caudal end. Scale bar, 1 mm. Fig. 1 . Truncation of the caudal region following maternal injection of 100 mg/kg RA at different stages of mouse gestation. (A±E) Gross appearance of the caudal region and (F±J) structure of the vertebral column in 18.5 dpc fetuses following RA administration at (A,F) 10.5 dpc, (B,G) 10.25 dpc, (C,H) 10.0 dpc, (D,I) 9.75 dpc and (E,J) 9.5 dpc. Control fetuses treated only with oil-injection were identical to fetuses treated with RA at 10.5 dpc (A,F). Several anomalies were commonly observed in the most caudal vertebrae of RA-treated fetuses. These included missing, irregular, abnormally fused and/or split vertebral centra (asterisk in J), and partially missing and/or abnormally fused neural arches (arrow in J). Vertebrae at different axial levels are marked as ®rst lumbar (l1), ®rst sacral (s1), ®rst caudal (c1). Skeletal preparations stained with alizarin red and alcian blue. Scale bars, (A±E) 0.25 cm; (F±J) 0.33 cm. muscle elements (Fig. 5H) , the corresponding region of RAtreated fetuses was entirely occupied by a mass of neurallike tissue (Fig. 5I ). This mass was located just caudal to the last vertebra, appearing as a lump on the dorsal surface of the sacral region (Fig. 5K ). Its appearance was very similar to the skin-covered terminal myelocystocele commonly associated with caudal agenesis in humans ( Fig. 5L ; Pang, 1993) . Moreover, the rectum of RA-treated fetuses ended blindly with absence of anorectal canal development (compare Fig. 5F and 5G) and imperforate anus (Fig. 5J) , a malformation also commonly found in humans with caudal agenesis (Pauli, 1994) .
Gene markers con®rm the neuroepithelial nature of RAinduced ectopic tubules
The neuroepithelial nature of the ectopic tubular structures in RA-treated embryos was further investigated using in situ hybridisation to locate the expression of Pax-3 and Pax-6, which have characteristic dorsoventrally-restricted expression domains in the neural tube (Goulding et al., 1991; Walther and Gruss, 1991) .
Pax-3 expression was detected in the dermomyotome and the dorsal half of the ventricular layer of the developing spinal cord along the body axis of control embryos at 11.5 dpc (Fig. 6A,B) . In RA-treated embryos, the body was truncated caudal to the level of the hindlimbs and expression of Pax-3 in the developing spinal cord terminated abruptly. At the caudal extremity, there was ectopic expression of Pax-3, arranged in small patches in a semi-circle around the end of the developing spinal cord, which was distorted in shape ( Fig. 6C ). Vibratome sections revealed Pax-3 expression in ectopic tubules that were located peripherally, but not in those situated more centrally adjacent to the notochord (Fig. 6D) . In peripheral tubules, Pax-3 expression was restricted in a manner that correlated with the proximity of cells to the surface ectoderm (positive expression) and notochord (absence of expression). Thus, the pattern of Pax-3 expression in ectopic tubules closely resembled that of the de®nitive neural tube. While Pax-3 expression was detected in the dermomyotome of control embryos (Fig. 6B ), dermomyotomal expression could not be detected at caudal levels of RA-treated embryos (Fig. 6D ).
Pax-6 was expressed most intensely in the mid-lateral region of the spinal cord, with lower expression levels in the dorsal region, along the body axis of 11.5 dpc control embryos (Fig. 6E,F) . In RA-treated embryos, Pax-6 was also expressed in the developing spinal cord but, like Pax-3, expression was also present as a semi-circle of small patches at the truncated caudal extremity (Fig. 6G ). Vibratome sections revealed Pax-6 expression not only in the de®nitive neural tube, but also in the more peripherally-located ectopic tubes, yielding a radial arrangement of expressing tubules around the notochord (Fig. 6H ). Pax-6 exhibited a regionally-restricted pattern of expression in which strongest signal was present in the medial region of each tubule.
Neuronal differentiation in RA-induced ectopic tubules
In order to determine whether the neuroepithelial cells in RA-induced ectopic tubules can differentiate into neurons, embryos were stained with the 2H3 monoclonal antibody, which is speci®c for neuro®laments. At 11.5 dpc, the ectopic tubules were observed to be sending out nerve ®bres that Fig. 3 . Apoptotic DNA laddering in tail buds harvested at varying times following maternal RA treatment. DNA was extracted from tail buds, nick-end labeled with a 32 P-ddATP, electrophoresed on an agarose gel and analyzed by autoradiography. Exposure time was 2 h except for the ®rst two lanes (asterisks) which were exposed for only 30 min. A 1 kb DNA ladder was used as the molecular size marker. The DNA ladder contained vector fragments ranging in length from 134 to 2036 base pairs, therefore providing a suitable marker for sizing nucleosome-sized DNA fragments in multimers of 180±200 base pairs. At 24 h after RA treatment, there is evidence of extensive apoptosis, judging from the marked DNA laddering. Individual bands in the apoptotic ladder were more clearly distinguishable when the gel was exposed for only 30 min (second lane). Apoptotic laddering is also present in samples collected 12, 18, 30 and 36 h after RA treatment, whereas the absence of laddering in control and in RA-treated tail bud samples at 0, 6, 42 and 48 h time points was con®rmed in autoradiographs exposed for 4 and 12 h (data not shown).
stained strongly with 2H3 (Fig. 6I ). These nerve ®bres radiated away from the notochord, in agreement with previous ®ndings that the notochord repels nerve ®bres (Tosney, 1988) . During subsequent development, however, the neurons degenerated as demonstrated by a decrease, and later absence, of 2H3 staining (data not shown).
Although many neural tube-like structures were present in the caudal region of RA-treated embryos, only one pair of spinal ganglia could be detected by staining with haematoxylin and eosin (Fig. 5B,D) or 2H3 (Fig. 6J) . The spinal ganglia were usually ectopically displaced, but appeared otherwise normally formed.
Dose-response pro®les of RA-induced caudal agenesis and ectopic neural tissue
Caudal agenesis and ectopic neural tissue were both observed in RA-treated embryos, but it was not clear whether the two defects are induced separately by RA or whether they are related developmentally to each another. Pregnant females were treated with various doses of RA (1± 150 mg/kg) in order to determine whether embryos show differences in the dose-response pro®le of the two types of defect. Embryos were harvested 3 days after RA treatment, at 12.5 dpc, when somitogenesis had just been completed.
The length of the caudal region, posterior to the hindlimbs (TL), was determined as well as two measures of overall embryonic growth: head length (HL) and crown-rump length (CRL). The caudal region was examined histologically and the relative amount of ectopic neural tissue was classi®ed on a four-point scale of increasing abundance. At low RA concentrations (0±25 mg/kg), there was no sign of caudal agenesis (Fig. 7) but, beginning with 30 mg/kg, the TL/HL ratio became signi®cantly reduced (P , 0:005) and, as the dose increased, there was a further, progressive reduction in TL/HL ratio until the fetus became totally tailless (i.e. maximum caudal agenesis) at 100 mg/kg. Since HL and CRL did not show any statistically signi®cant differences across the range of RA doses examined (data not shown), the reduction in TL/HL ratio appears to be speci®c, and not due to overall decrease in size of the fetus. Ectopic neural tissue was identi®ed only in fetuses treated with 30 mg/kg RA or more. Moreover, the relative amount of neural tissue increased as the dose of RA increased, therefore, the formation of ectopic neural tissue exhibited exactly the same dose-response pro®le as caudal agenesis (i.e. TL/HL ratio; Fig. 7 ). These ®ndings suggest that caudal agenesis and ectopic neural tissue are developmentally related defects.
Speci®c down-regulation of Wnt-3a expression in the tail bud of RA-treated embryos
Truncation of the body axis and formation of ectopic neural tissue have been observed in mouse embryos homozygous for a null mutation of the Wnt-3a gene (Takada et al., 1994; Yoshikawa et al., 1997) , providing a striking parallel with the present ®ndings on RA-treated embryos. To determine whether the expression of Wnt-3a is misregulated in the RA-treated model, mRNA expression was assessed by Northern analysis and in situ hybridisation following RA treatment at 9.5 dpc. Two h after RA administration, the abundance of Wnt-3a was already reduced by 22% whereas, at 5 h, a 73% reduction was detectable (Fig. 8) . In situ hybridisation using a Wnt-3a probe con®rmed these ®nd-ings: while a decrease in the expression level became noticeable at 2 h (data not shown), expression was markedly reduced at 5 h (Fig. 9A,B ) and, by 10 h, Wnt-3a expression was undetectable in RA-treated tail buds (Fig. 9C,D) . This down-regulation of Wnt-3a preceded growth cessation of the tail bud, which was not detectable until 10 h after RA treatment. Moreover, Wnt-3a down-regulation appeared speci®c to the embryonic tail bud, intensity of expression in the neural tube did not change with increasing time after RA administration (Fig. 9A±D) . Two other genes, Wnt-5a and RAR-g , were also examined. Both genes are expressed in the mouse tail bud region (Ruberte et al., 1991; Takada et al., 1994) while RAR-g is additionally necessary for RAinduced caudal agenesis: RAR-g 1 null mutant embryos are resistant to the teratogenic effect of RA in producing lumbosacral truncation (Lohnes et al., 1993) . In situ hybridisation analysis showed that Wnt-5a expression was present in the tail bud at only slightly reduced intensity 10 h after RA treatment, compared with untreated control embryos (Fig.  9E,F) . Moreover, RAR-g expression did not differ in RAtreated and control embryos (Fig. 9G,H) . These results suggest that the rapid down-regulation of Wnt-3a in the tail bud is a speci®c effect of RA treatment.
Cell death in the tail bud of vestigial tail embryos
Mice homozygous for the recessive mutation vestigial tail (vt) develop caudal agenesis (Gru Èneberg and Wickramaratne, 1974) . Recently, vt was shown to be a hypomorphic allele of Wnt-3a with severe down-regulation of Fig. 5 . Transverse histological sections at the level of the hindlimbs/pelvic bones, stained with haematoxylin and eosin, from control (CT) embryos (A,F,H) and RA-treated (RA) embryos (B±E,G,I) at (A±C) 12.5 dpc, (D,E) 13.5 dpc, (F,G) 15.5 dpc and (H,I) 16.5 dpc. At 12.5 dpc, control embryos exhibit sclerotomal condensations ventro-lateral to the neural tube and around the notochord (A), whereas RA-treated embryos show ectopic neural tissue totally occupying the lateral and ventral regions (B). The ectopic tubules have the characteristic structure of a pseudostrati®ed epithelium (C), resembling the neural tube. By 13.5 dpc, ectopic tubules are even more extensive in RA-treated embryos (D). Higher magni®cation (E) shows possible post-mitotic neuroblasts (asterisk) immediately adjacent to the tubule lumen. At 15.5 and 16.5 dpc, while control fetuses have extensive regularly arranged muscles and vertebrae in the sacro-caudal region (F,H), RA-treated fetuses exhibit a mass of neural-like tissue that is now apparently connected to the de®nitive spinal cord (G,I). Note the absence of the rectum, dorsal to the urethra, in RA-treated fetuses (G,I) which manifests externally as an imperforate anus (arrow in J). Despite the multiple neural tubes present in the caudal region of RA-treated embryos, only one pair of spinal ganglia is visible (B,D). The mass of excessive neural tissue appears as a dorsal lump on the surface of the RA-treated fetus (K) which bears a close morphological resemblance to the terminal myelocystocele of human cases of caudal agenesis (L) (®gure reproduced from Pang (1993) , with permission).The following are abbreviations used in the ®gure: hb, pelvic bone; mf, mitotic ®gure; no, notochord; re, rectum; sc, sclerotomal condensation; sg, spinal ganglion; ur, urethra; vt, vertebra. Scale bars, (A,B) 0.5 mm; (C,E) 0.125 mm; (D,F,G,H,I) 1 mm; (J) 1.25 mm; (K) 2 mm.
Wnt-3a expression in the tail bud, but not in the central nervous system, of vt/vt embryos (Greco et al., 1996) . These abnormalities are very similar to the present RAinduced mouse model. To determine whether cell death occurs in the tail bud of vt embryos, Nile blue sulphate was used to supravitally stain dead cells in vt/vt, vt/1 and 1/1 embryos. Dead cells ®rst became detectable in vt/vt embryos as early as 9 dpc. Initially, only a few dead cells were present at the extreme caudal end (Fig. 10A) but, as development progressed, the quantity of dead cells increased (Fig. 10B,C) until, by 10 dpc, massive cell death was detectable in the tail bud region (Fig. 10D) . In contrast, dead cells were not detected in the tail bud of 1/1 embryos (Fig. 10E) and only a small number of dead cells were present in the tail bud of vt/1 embryos (Fig. 10F) . Dead cells were also observed in the ventral ectodermal ridge (arrowhead in Fig. 10F ). Sections of vt/vt embryos demonstrated the presence of multiple neural tube pro®les (Fig. 10G ) whereas neural tube formation appeared normal in vt/1 embryos (Fig. 10H ).
Discussion
In the present study, extensive cell death of the apoptotic type was demonstrated in the mouse tail bud within 24 h of RA treatment at 9.5 dpc. The tail bud is located at the caudal extremity of the embryo. It consists of pluripotent mesenchymal cells that can give rise to neural tube, notochord, paraxial mesoderm and gut endoderm in the caudal region (reviewed by Grif®th et al., 1992) . It is not surprising, therefore, that excessive death of progenitor cells in the tail bud leads to termination of axial elongation, with caudal agenesis as the result.
Wnt-3a regulates tail bud development
Members of the Wnt gene family encode secreted proteins that serve as signalling molecules in a variety of developmental systems. Only Wnt-3a, Wnt-5a and Wnt-5b are expressed in the primitive streak and the tail bud (Takada et al., 1994) , and the temporal and spatial patterns of Wnt-3a expression suggest that this gene, in particular, plays an important role in tail bud development. Wnt-3a is widely expressed within the primitive streak at 7.5 dpc and, once gastrulation is completed, Wnt-3a becomes localized to the caudal-most region of the tail bud (Takada et al., 1994) . It is also expressed in the dorsal midline of the developing central nervous system (Roelink and Nusse, 1991) . Embryos homozygous for a null mutation of Wnt-3a completely fail in tail bud development, with truncation of the body axis caudal to the hindlimbs (Takada et al., 1994) . In the present study, Wnt-3a exhibited signi®cant down-regulation only 5 h after RA treatment, and became undetectable in the tail bud by 10 h. This effect of RA on the expression of Wnt-3a was speci®c to the tail bud, however, as there was no detect- Fig. 6 . Expression of neuroepithelial gene markers in the ectopic neural tubules of RA-treated embryos. Whole mount in situ hybridisation for Pax-3 (A±D) and Pax-6 (E±H), and immuno-histochemical staining of neuro®laments by the 2H3 antibody (I,J), in 11.5 dpc (A±I) and 15.5 dpc (J) embryos/fetuses treated with RA (C,D,G,H,I,J) and with vehicle only (A,B,E,F). Whole mount embryos are shown as dorsal views of the caudal embryonic region (A,C,E,G, caudal to left, rostral to right). In control (CT) embryos, Pax-3 mRNA transcripts are found in the dorsal half of the neural tube and the dermomyotome (A,B), and Pax-6 is expressed strongly in the mid-lateral region and more weakly dorsally (E,F). In RA-treated (RA) embryos, besides expressing in the de®nitive neural tube, Pax-3 (C) and Pax-6 (G) are also expressed in a semicircular distribution just caudal to the truncated neural tube. Vibratome sections reveal expression of Pax-3 (D) and Pax-6 (H) in the ectopic tubular structures in a radial pattern around the notochord. In 11.5 dpc RA-treated embryos, nerve ®bres are emerging from the ectopic neural tubes, directed away from the notochord (I). By 15.5 dpc, the dorsal spinal cord and the ectopic neural tubes have fused together and there is only limited neuro®lament staining present (J). A single pair of spinal ganglia can be identi®ed.The following are abbreviations used in the ®gure: dm, dermomyotome; hl, hindlimb buds; no, notochord; nt, dorsal developing spinal cord; sg, spinal ganglion. Scale bars, (A,C,E,G) 4 mm; (B,D,F,H) 0.3 mm; (I) 0.14 mm; (J) 0.6 mm. able change in expression of Wnt-3a in the central nervous system.
The intracellular effects of all-trans RA are mediated via the three nuclear retinoic acid receptors: RAR-a, RAR-b and RAR-g. The ligand-receptor complex binds retinoic acid response elements (RAREs) in the enhancer regions of downstream target genes, to effect transcriptional regulation. It is possible that Wnt-3a is regulated directly by retinoic acid receptors, which are differentially expressed between the tail bud and other parts of the embryo. For example, RAR-g expresses in the tail bud but not in the central nervous system (Ruberte et al., 1991) . Alternatively, the regulation of Wnt-3a may be indirect, mediated via other regulatory genes. Whatever the precise regulatory pathway, the response to RA is rapid, since, in the present study, down-regulation of Wnt-3a was detected only 2 h after maternal administration of RA.
Relationship between Wnt-3a expression and cell death
In the present study, Wnt-3a expression was down-regulated prior to the onset of cell death in RA-treated tail buds. The existence of a causal relationship between lack of Wnt3a expression and cell death in the tail bud is suggested by the ®nding that premature truncation of the body axis in embryos homozygous for the Wnt-3a null mutation is preceded by the appearance of dead cells in the caudalmost region at 9.5 dpc (Takada et al., 1994) . Vestigial tail (vt), a hypomorphic allele of Wnt-3a, leads to preferential loss of Wnt-3a expression speci®cally in the tail bud of homozygous embryos (Greco et al., 1996) . Our studies show that massive cell death occurs in the tail bud of vt/vt embryos, whereas only a small amount of cell death is present in the tail bud of vt/1 embryos, in which the expression level of Wnt-3a has been reported to be intermediate between vt/vt and 1/1 embryos (Greco et al., 1996) . Compound heterozygous embryos, produced by crossing Wnt-3a null and vestigial tail mutant mice, exhibit various degrees of caudal agenesis depending on the gene dosage of Fig. 8 . Wnt-3a expression is rapidly down-regulated in tail buds following RA treatment at 9.5 dpc. Northern analysis of Wnt-3a expression in caudal regions of control (CT) and RA-treated (RA) embryos at 2 and 5 h after treatment at 9.5 dpc. Total RNA was extracted from the tail bud, electrophoresed on a formaldehyde-containing agarose gel and then hybridised with Wnt-3a and GAPDH probes. Densitometric measurements revealed a 22% reduction in Wnt-3a expression (corrected for GAPDH intensity) in RA-treated caudal regions at 2 h, and a 73% reduction at 5 h, compared with control tail buds. Fig. 7 . Identical dose-response relationships of caudal agenesis and ectopic neural tissue formation following maternal RA treatment. Graph shows the effect of different doses of RA on the ratio of tail length to head length (TL/HL) and on the formation of ectopic neural tissue in 12.5 dpc embryos. Numbers in parentheses represent the relative amount of ectopic neural tissue scored on a scale of 1 (minimal) to 4 (extensive). TL/HL ratio was used to control for differences in overall embryonic size within and between litters. Signi®cant caudal agenesis is ®rst detected at 30 mg/kg RA, precisely the same minimum dose that causes ectopic neural tissue to form. Caudal agenesis is complete (taillessness) at 100 mg/kg RA. Asterisk, statistically signi®cant differences from control, P , 0:005 (Student's t-test).
Wnt-3a and vt (Greco et al., 1996) . These results support the idea that Wnt-3a is required for the survival of the tail bud cells and suggest, moreover, that Wnt-3a acts in a dose dependent manner in the tail bud.
Decisions between neural and non-neural cell fates in the tail bud
Our ®ndings with the RA-treated mouse model support the suggestion that Wnt-3a is required for cells emerging from the primitive streak/tail bud to become paraxial mesoderm, either by imposing a mesodermal fate or by inhibiting neural fate (Yoshikawa et al., 1997) . In Xenopus, early embryonic cells differentiate along a neural pathway unless instructed otherwise (Hemmati-Brivanlou and Melton, 1997) and it is possible that, in the RA-treated embryo, most of the tail bud cells differentiate as neural tissue owing to the absence of inducing signals, such as Wnt-3a, for mesoderm and endoderm formation. Two other genes, Tbx6 and Fgfr1, have been reported to affect the decision between neural and non-neural fate in the primitive streak. Homozygotes for a targeted disruption of Tbx6 exhibit complete replacement of posterior paraxial mesoderm by neural tubes (Chapman and Papaioannou, 1998) . However, these embryos elongate normally, which is different from the situation found in RA-treated embryos. In contrast, Fgfr1-null mutant embryos exhibit a de®ciency in the ability of epiblast cells to traverse the primitive streak, resulting Fig. 9 . Rapid down-regulation of Wnt-3a speci®cally in the tail bud of RA-treated embryos. Whole mount in situ hybridisation patterns of Wnt-3a (A±D), Wnt5a (E,F) and RAR-g (G,H) in control (CT) embryos (A,C,E,G) and RA-treated (RA) embryos (B,D,F,H) harvested 5 h (A,B) and 10 h (C±H) after treatment. Wnt-3a was signi®cantly down-regulated at 5 h (B) and was undetectable at 10 h (D) in the tail bud (arrows) whereas there was no change in expression level of Wnt-3a in the neural tube (arrowheads). In contrast, Wnt-5a (F) and RAR-g (H) were still detectable in tail buds 10 h after RA treatment. Scale bar, 0.5 mm.
in failure of axial elongation as the cells accumulate. Subsequently, these ectopic cells form into secondary neural tubes (Ciruna et al., 1997) .
In the present study, we found multiple neural tubes differentiating in the caudal region of both RA-treated embryos and vestigial tail homozygotes. A similar ®nding has been reported for Wnt-3a null mutants, where cells appear to ingress through the primitive streak but fail to migrate laterally, remaining beneath the streak and subsequently developing into ectopic neural tubes (Yoshikawa et al., 1997) . In RA-treated embryos, it seems likely that the additional neural tubes also arise ectopically. Systematic analysis of serial histological sections showed that these tubular structures develop by cavitation, through a process resembling secondary neurulation. The ectopic tubules do not connect to the de®nitive neural tube until later in development, suggesting a separate origin. Moreover, our ®nding that all paraxial mesoderm and endoderm derivatives at the caudal end of the embryo were replaced by ectopic neural tubes, supports the idea that these neural tubes form through the recruitment of mesenchymal cells of the tail bud to a neural cell fate. Taken together, this evidence suggests that the formation of ectopic neural tubes in RA-treated embryos, like cell death and caudal agenesis, results from the down-regulation of Wnt-3a in the tail bud. The similarity of dose-response pro®les of ectopic neural tubes and caudal agenesis supports an inter-dependent origin of the two defects.
Regional patterning of neuroepithelial gene expression in the ectopic neural tubes
In the present study, we show that Pax-3 and Pax-6 exhibited spatially-restricted patterns of expression in the tail bud of RA-treated embryos. Apart from their usual expression domains in the de®nitive neural tube, both genes were expressed in peripherally-located ectopic neural tubes in a manner that recapitulated the pattern seen in the de®nitive neural tube (Goulding et al., 1991; Walther and Gruss, 1991) . The region-speci®c expression of Pax-3 and Pax-6 in the neural tube is known to be regulated by interactions between dorsalising and ventralising signals (bone morphogenetic proteins and Shh, respectively; Echelard et al., 1993; Goulding et al., 1993; Liem et al., 1995) . In the present study, Pax-3 and Pax-6 were not expressed in the region of the ectopic neural tubes situated close to the notochord, con®rming the existence of a ventralising effect emanating from the notochord. Indeed, the expression domains of Pax-6 were arranged radially around the notochord, demonstrating that the ventralising signal is released from the notochord in all directions, exerting its effect only within certain range that is probably limited by diffusion distance and concentration . Similarly, the dorsalising signal from the surface ectoderm also appears`distance-dependent' as the domain of Pax-3 expression in the ectopic neural tubes appeared closely related to its distance from the surface ectoderm.
In contrast to the large number of ectopic neural tubes formed in RA-treated tail buds, there was only a single pair of spinal ganglia, always associated with the de®nitive spinal cord. Thus, it appears that the ectopic neural tubes probably did not generate neural crest cells. On the other hand, the ectopic neural tubes certainly yielded neuro®la-ment-positive neurons, although these did not survive long, degenerating as development progressed. This may have been because of a lack of target cells for innervation, since the caudal region lacked developing muscles.
Relationship of caudal agenesis in humans and in the RA-treated mouse
In humans, caudal agenesis can occur following intake of excess quantities of vitamin A during pregnancy (Rothman et al., 1995) , providing a parallel to the present RA-treated mouse model. More commonly, caudal agenesis occurs in pregnancies complicated by poorly controlled diabetes mellitus (Kucera, 1971) and in speci®c genetic conditions. The Currarino triad, which is associated with mutations in the HLXB9 homeobox gene on chromosome 7q36 (Lynch et al., 1995; Ross, 1998) , combines caudal agenesis with a presacral mass and anorectal stenosis (O`Riordain et al., 1991) . It seems possible that the presacral mass corresponds to the ectopic neural tissue in the mouse model, whereas RA-treated embryos also exhibit a blind-ending rectum and anal atresia. Thus, the RA-treated mouse may provide a useful model system for further investigating the pathogenesis of human caudal agenesis.
Experimental procedures
Mouse strains
Wild type ICR mice were kept on a 12:12 h light-dark cycle with the mid-point of the dark period at midnight. Females were housed with stud males overnight and checked for copulation plugs the following morning. Noon on the day of ®nding a plug was considered 0.5 days post coitum (dpc). Vestigial tail (vt) mutant mice were maintained on the JF1 genetic background at the National Institute of Genetics, Mishima, Japan. Homozygotes are totally tailless whereas heterozygotes show no overt phenotype. Mutant embryos were obtained from matings between vt/ vt and vt/1 mice, and embryonic genotype was determined by polymerase chain reaction (PCR) ampli®cation of DNA prepared from the yolk sac or embryo, using the polymorphic microsatellites D11Mit22 and D11Mit28 which are located proximal and distal to vt locus respectively (Greco et al., 1996) . Background-matched wild type embryos were obtained from JF1 mice.
Variation in the response to RA according to developmental stage and RA dose
In order to study the stage-speci®city of the RA effect, a single dose of 100 mg/kg body weight all-trans RA (Sigma), suspended in olive oil, was injected intraperitoneally into pregnant females at various times between 9.5 and 10.5 dpc. Control embryos received an injection of olive oil only. Fetuses were removed one day before birth and analyzed for the effects of RA treatment on tail and skeletal development. More than 30 fetuses were analyzed at each time point. To follow the development of the caudal region in more detail, embryos/fetuses were removed at daily intervals until 18.5 dpc following maternal administration of 100 mg/kg RA at 9.5 dpc. The caudal region was ®xed in Bouin's picro-formol ®xing solution (BDH), dehydrated through a graded alcohol series, embedded in ®browax (BDH), sectioned transversely at 6 mm and stained with haematoxylin and eosin.
To study the effect of varying RA dose, pregnant females were injected with 1, 10, 25, 30, 35, 40, 45, 50, 75 , 100 and 150 mg/kg body weight of RA at 9.5 dpc. Embryos were removed at 12.5 dpc and the following parameters were measured using an eyepiece graticule: (1) Head length, de®ned as the maximum distance between the anterior and posterior regions of the developing brain; (2) Crown-rump length, de®ned as the maximum distance between the apex of the head and the base of the trunk (allowing the embryo to maintain its naturally curved shape); (3) Tail length, de®ned as the length of the lower body caudal to the posterior border of the hindlimb. Thirty-sixty embryos treated with each dose of RA were measured. Embryos were then transected between the fore-and hindlimbs and the caudal part was ®xed in Bouin's solution and embedded in ®browax. Serial sections (6 mm) cut transversely through the sacral region were stained with haematoxylin and eosin and examined by light microscopy.
Skeletal preparations
Fetuses were removed from the uterus at 18.5 dpc. The length of the caudal body region, posterior to the hindlimbs, was measured and skeletons were prepared as described by Kessel and Gruss (1991) . Cartilage and ossi®ed bone were stained by alcian blue and alizarin red respectively.
Detection of apoptotic DNA fragmentation by gel electrophoresis
Pregnant females were injected with RA at 9.5 dpc, and embryos were explanted into ice-cold phosphate buffered saline (PBS) either immediately after RA injection, or at 6 hourly intervals up to 48 h after RA administration. Control embryos were collected at the 24 h time point only. After removal of the yolk sac and amnion, the caudal end of the tail bud measuring approximately 0.15 mm in length, as assessed by an eyepiece graticule, was removed, snapfrozen in liquid nitrogen and kept at 2708C to prevent non-speci®c activation of DNases. Fifty-sixty tail buds were collected and pooled for each time point. DNA was extracted from the tail buds and assayed for apoptotic DNA fragmentation by the method of Tilly and Hsueh (1993) . Brie¯y, the amount of DNA extracted from tail buds was quanti®ed by measuring absorbance at 260 nm, then 0.5 mg DNA was labeled with a 32 P-ddATP in such a concentration that only one molecule was uniformly added to the 3 H -end of DNA fragments by terminal deoxynucleotidyl transferase (Tdt) enzyme. A 1 Kb DNA ladder (Gibco) was used as the molecular size marker and 0.5 mg of the marker was radiolabeled in the same way as the tail bud sample. Labeled DNA was separated from unincorporated radionucleotides and then electrophoresed on a 2% agarose gel. The gel was dried onto 3 MM chromatography paper (Whatman) and exposed to Hyper®lm-MP (Amersham) for 0.5, 2, 4 and 12 h at 2708C.
In situ detection of apoptotic cells by TUNEL method
Embryos were explanted into ice-cold PBS 24 h after maternal RA treatment at 9.5 dpc and then ®xed in 4% paraformaldehyde at 48C overnight. Embryos were washed twice at 48C for 30 min in 0.83% saline, followed by 30 min at 48C in 0.83% saline:ethanol (1/1, v:v). They were dehydrated through a graded ethanol series, embedded in ®browax and cut into 7 mm sections transversely through the caudal region. The sections were mounted on slides coated with 1% gelatin. Apoptotic cells with DNA breaks were detected by TUNEL (terminal-transferase mediated dUTP nick-end labeling) according to the method of Gavrieli et al. (1992) and Tone Â et al. (1994) . Brie¯y, sections were rehydrated and digested with 20 mg/ml proteinase K for 15 min at room temperature. After washing in distilled water, sections were incubated in a mixture containing 5 £ Tdt buffer, 25 mM CoCl 2 , 1 nM/ml Bio-16-dUTP, 0.1 mM/ml dUTP and 25 U/ml Tdt (Boehringer Mannheim) at 378C for 1 h. They were then thoroughly washed in PBS followed by incubation with 10 mg/ml goat anti-biotin IgG (Vector) overnight at 48C. After washing in PBS, sections were incubated with 7.5 mg/ml biotinylated rabbit anti-goat IgG (Vector) for 1 h at room temperature, followed by thorough washing in PBS and incubation with 1 mg/ml FITC-conjugated avidin (Vector) for 30 min at room temperature. Finally, nuclear DNA was stained with 50 mg/ml propidium iodide (Sigma) for 15 min at room temperature. Sections were mounted in anti-fading mounting reagent (Prolong Antifade Kit, Molecular Probes) and viewed on a Zeiss¯uorescence microscope, using excitation ®lters at 480 nm (for FITC) and 540 nm (for propidium iodide). Propidium iodide and FITC images were photographed by double exposure. More than 5 embryos were stained.
Nile blue sulphate staining of dead cells
In studies of the vestigial tail mutant, dead cells were identi®ed by supravital staining with Nile blue sulphate, a technique that we ®nd gives closely similar results to TUNEL when applied to mouse tail buds. Embryos aged 8.5±11.0 dpc were explanted into PBS, bathed in Nile blue sulphate dissolved in lactated Ringer's solution (1/ 50 000) for 15 min at 378C and then thoroughly washed in Ringer's solution before examination. More than 15 embryos of each genotype were stained. The caudal region of 10.5 dpc vt/vt and vt/1 embryos was prepared as transverse paraf®n sections (6 mm) stained with haematoxylin and eosin.
Immunohistochemical detection of neuro®laments
Embryos were removed from pregnant females at 11.5, 13.5 and 15.5 dpc, following maternal RA administration at 9.5 dpc, and ®xed in Carnoy's solution at 48C overnight. The caudal region was prepared as 8 mm transverse paraf®n sections. Neuro®laments were stained by standard immunohistochemical techniques, using the 2H3 (monoclonal IgG) supernatant (Developmental Studies Hybridoma Bank), diluted 1:5 with PBS, followed by detection using biotinylated anti-mouse IgG antibody (Vectastain ABC peroxidase kit, Vector). More than three embryos were stained at each time point.
In situ hybridisation
Whole mount in situ hybridisation using digoxygeninlabeled probes was carried out as described by Wilkinson (1992) . Expression of Wnt-3a (Roelink and Nusse, 1991) , Wnt-5a (Gavin et al., 1990) and RAR-g (Zelent et al., 1989) was studied in embryos collected 2, 5, 10 and 24 h after RA treatment while the expression of Pax-3 (Goulding et al., 1991) and Pax-6 (Walther and Gruss, 1991) was studied in embryos at 11.5 and 12.5 dpc. More than 10 embryos were hybridised with each probe at each time point. For detailed analysis of the spatial distribution patterns of these genes, hybridised embryos were embedded in Gloop (0.5% gelatin, 38% egg albumin and 20% sucrose in 0.1 M phosphate buffer) and sectioned at 70 mm on a vibratome, or prepared as 10 mm paraf®n sections.
Northern blot analysis
Tail buds were collected from control and RA-treated embryos 2 and 5 h after maternal RA administration at 9.5 dpc. Total RNA was extracted and puri®ed by using the RNAeasy kit (Qiagen). Ten micrograms of total RNA, obtained from about 70 embryos, was loaded onto a 1.2% agarose gel containing 6.3% formaldehyde. Northern blots were prepared according to a standard protocol (Sambrook et al., 1989) with RNA being transferred to Hybond-N membrane (Amersham). The membrane was ®rst hybridised with a 32 P-dCTP-labeled Wnt-3a probe and exposed to Hyper®lm-MP at 2208C for 5 days. The membrane was stripped by boiling in 400 ml of 0.1% SDS before it was hybridised with a 32 P-dCTP-labeled mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe, to control for RNA loading. Band intensity was measured using a densitometer and analysed by Molecular Analyst Software (BioRad).
